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SUMMARY 

The structures of three-dimensional separated flows about some chosen aerodynamic components at angle 
of attack are synthesized, holding strictly to the notion that streamlines In the external flow (viscous 
plus inviscid) and skin-friction lines on the body surface may be considered as trajectories having proper- 
ties consistent with those of continuous vector fields. Singular points in the fields are of limited 
number and are classified as simple nodes and saddles. Analogous flow structures at high angles of attack 
about blunt and pointed bodies, straight and swept wings, etc,, are discussed, highlighting the formation 
of spiral nodes (foci) in the pattern of the skin-friction lines. How local and global three-dimensional 
separation lines originate and form is addressed, and the characteristics of both symmetric and asymmetric 
leeward wakes are described. 


1. INTRODUCTION 

Invoking our previously introduced notions (Ref. 1) of topological structure, structural stability, 
and local and global lines of separation, we shall attempt to demonstrate how these assist us in deducing 
the complex patterns of skin-friction lines and external -flow streamlines about simple aerodynamic com- 
ponents at angle of attack. The components may be considered typical of those used in aeronautical appli- 
cations. They include blunt and pointed bodies, and straight, swept, and slender wings. Initially, 
however, we shall take the case of a simple hemisphere-cylinder, immersed in a Mach 1.2 free stream at 
constant Reynolds number (R. = 4.9 x 10®), and increase the angle of attack a in stages in the range 
0° < a < 32.5°. We shall se? that the types of singular points with their accompanying characteristic 
developments of local and global separation zones, and the progressive changes in the patterns as the 
angle of attack increases, will form a useful foundation for understanding the flow fields about the other 
flow components discussed in subsequent sections. 


2. HEMISPHERE-CYLINDER 

Oil-flow patterns indicative of the development of the skin-friction lines on the hemisphere- 
cylinder are illustrated in Figs, la to li as angle of attack is increased progressively from axisymmetric 
conditions (a = 0°) to a = 32.5°. Figure 2 portrays the conceptual patterns of singular points associ- 
ated with the skin-friction lines (and streamline projections in some chosen crossflow planes) that have 
been synthesized from the oil-flow patterns in Fig. 1 and laser vapor-screen crossflow visualization shown 
in Figs. 3 and 4. To assist the reader. Fig, 3 shows the experimental setup of the expanded laser beam 
(see Ref, 2) that cuts the body at x/D = 6.5 perpendicular to its axis. Flow is from right to left, so 
that the photographs in both Figs. 3 and 4 display views looking toward the back of the body on the star- 
board side. 

Figures la and 2a portray the axis^pmetric skin-friction line pattern about the hemisphere-cylinder at 
Moo = 1.2. All skin-friction lines originate at the nodal singular point of attachment at the nose (the 
stagnation point) and stop at a singular line of separation around the body just downstream of the junction 
between the hemisphere and the cylinder. The stream surface departing from the separation line reattaches 
at the singular line of attachment situated a short distance farther downstream, to form a closed separa- 
tion bubble. A parallel pattern of skin-friction lines emerges from the reattachment line in both the 
upstream and downstream directions. Under the present experimental conditions, the wedges in the oil-flow 
pattern on the cylinder (see Fig, la) indicate that the axisymmetric separation and reattachment are 
laminar, with transition to turbulence occurring downstream shortly thereafter. The downstream-directed 
skin-friction lines, for a sufficiently smooth and slender afterbody, will disappear into a nodal point of 
separation at the tail, satisfying the relevant topological rule for a closed-body surface that the sum of 
the nodes on the surface must always exceed the number of saddle points by two. Here, of course, we have 
only the nodes of attachment and separation and no saddle points. Figure 3 illustrates the axisymmetric 
boundary-layer growth in the vapor screen at x/D = 6;5, with the bounding shock wave surrounding the body 
cross section. 

When the angle of attack is increased to a small value, say 1°, we expect to find the pattern of skin- 
friction lines drawn conceptually in Fig. 2b. The slightest departure from axisymmetry causes the skin- 
friction line pattern to pass through a structural instability: the axisymmetric singular separation and 

reattachment lines disappear and are replaced by saddle and nodal points of attachment on the windward ray, 
and nodal and saddle points of separation on the leeward ray. There is a characteristic dividing surface 
in the flow that is anchored on the leeward ray and that emanates from the nodal point of separation. Ns. 

We note that streamlines on this dividing surface in the meridian plane have all entered the fluid through 
the saddle point of separation, S], in the pattern of skin-friction lines along the leeward ray. At this 
small angle of attack, the dividing surface will grow very slowly with progression downstream as the 
adjacent boundary layers converge very slowly toward the leeward ray. The existence of this dividing sur- 
face stemming from a combination of nodal and saddle points of separation on the leeward ray will be 
clearly evident as a dark line in the leeward meridian plane in the vapor-screen photographs at elevated 
angles of attack. In fact, it is through our description of the dividing surface that we are able to 
explain the presence of this obvious feature of the vapor-screen photographs (see Fig. 4). 
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When the angle of attack is increased to 3,5° (Figs, lb and 2c) the pattern of skin-friction lines 
undergoes another structural change. The lines of separation emanating from the saddle point on the wind- 
ward ray terminate in spiral nodes just short of the leeward ray. The simultaneous appearance of a pair 
of saddle points on either side of the nodal point of separation on the leeward ray maintains the differ- 
ential between nodes and saddles required by the topological rule. Figure 5b of the previous lecture 
illustrates the form of the dividing surfaces that typically emanate into the external flow from this com- 
bination of surface-flow topology. 

Increasing the angle of attack to 5° (Figs. Ic and 2d) provides us with a topology at the front of the 
body that is similar to that at 3.5°, but toward the end of the body the skin-friction lines, all emanating 
from the nodal point of attachment on the windward ray, show indications of converging toward primary 
separation zones that will produce primary vortices. The enhanced thickening of the viscous flow along the 
leeward is shown in Fig. 4a. At 6.5° (Fig. Id), we have, in addition, certain evidence bf the phenomenon 
of instability in the crossflow velocity profiles just downstream of the hemispherical cap. There are fine 
striations in the oil-flow pattern superimposed over the regular pattern of skin-friction lines, lending 
credence to the proposal that the laminar boundary layer has undergone a supercritical bifurcation (such as 
that described in the previous lecture), resulting in the appearance of an array of small-scale vortices 
within the boundary layer. 

Continuing to Increase the angle of attack toward 10° (Figs, le, 2e, 4b) causes the singular points 
on the windward ray to come together and to eventually disappear. Meanwhile, additional singular points 
appear on the leeward. At the precise angle(s) of attack at which the singular points disappear and 
appear, we pass through new structural instabilities in the skin-friction line pattern. We also detect 
another particular line in the skin-friction line pattern, situated between the primary separation line 
and the leeward ray, toward which' adjacent boundary-layer material is also converging - the so-called 
secondary separation line. The stream surface from this line coils up as a secondary vortex that is of 
opposite rotation to and is tucked beneath the primary vortex. Now with the disappearance of the windward 
saddle and nodal points of attachment, the entire pattern of skin-friction lines on the body surface all 
stem from the nodal point of attachment at the nose. Thus, referring to Fig. 2e, in our classification 
according to the mathematical notions of topological structure and structural stability, the primary 
separation lines are local ones and the secondary separation lines stemming from the leeward saddle points, 
$4 and S5, are global separations. Note now, however, that the eruptions from the spiral nodes will key 
the roll-up of the secondary vortices, so that the single dividing surface growing from the leeward ray 
appears as a thin shadow with no evidence of the "mushroom" or "T-shape" that we proposed at a = 3,5° 

(see Fig. 4b). The single dividing surface will continue to grow until the primary vortices induce a down- 
ward component of flow velocity along the leeward meridian. Thereafter, the height of this leeward divid- 
ing surface will diminish. 

As angle of attack increases still further to 15° (Figs. If, 2e, 4c) the character of the flow remains 
the same, but the streaks near the nose cap caused by the crossflow instability are even more noticeable. 
Close to a = 19°, however (Figs. Ig, 2f, 4d), the skin-friction line pattern entertains two additional 
structural instabilities, whereupon we now see evidence of two additional pairs of spiral nodes that have 
formed very close to the join-line between the hemispherical cap and the cylinder. Figure 2f illustrates 
the substantial increase in the overall number of singular points in order to incorporate these two addi- 
tional pairs of spiral nodes. The intricacies in the patterns are especially interesting; they have been 
studied previously by Hsieh (Ref. 3) and Hsieh and Wang (Ref. 4), and more recently by Hsieh (Ref. 5) in 
an attempt to refine the computational scheme proposed for the flow field by Pulliam and Steger (Ref* 6). 

In those papers, details of how the spiral nodes combine with other singular points in the pattern of skin- 
friction lines on the leeward foreparts of the body have been especially elusive. The description advanced 
herein from our own experimental results updates that offered by Peake and Tobak (Ref. 7) and by Tobak and 
Peake (Ref. 8) from oil-flow pictures kindly supplied by T, Hsieh. As we have seen, recognizing the 
existence of a nodal point of separation on the leeward ray accounts for an essential feature of the flow 
structure. Nevertheless, the downward induction effect of the primary vortices along the leeward ray is 
particularly significant, so much so that the single dividing surface along the leeward ray has reduced 
substantially in extent by the time the given laser vapor-screen crossflow image is reached along the body 
(Fig. 4d). As we see in the range 0° < a < 19°, there is no evidence that the eruptions from the spiral 
nodes appear in the crossflow plane, unlike the flow fields viewed by Jorgensen (Ref. 9) about tapered 
blunt-nosed bodies. 

The characteristic dividing surface in the external flow formed from the combination of an adjacent 
saddle point and a spiral node (see also Fig. 4 in the preceding paper) has been termed a "horn- type" 
dividing surface by Legendre (Ref. 10). The patterns in Figs. 2b to 2f are drawn on the assumption that 
there is no mechanism available to alter the already existent nodal and saddle singular points of separa- 
tion on the leeward ray - this extends to higher angles of attack also - and that these may then be coupled 
to the spiral nodes via additional singular points. The summation of nodes and saddles on the surface must 
always differ by two; this rule is obeyed if we take the simplest conjectural case that all skin-friction 
lines disappear into a node of separation at the tail. Any elaboration of this one node of separation into 
an appropriate array of singular points to cap off the separation lines obviously can be introduced as 
required. 

Our next pictures of the skin-friction line pattern at a = 27.5° (Figs. Ih and 2g) show the develop- 
ment of spiral nodes close to the commencement of the primary and secondary separation lines. Structural 
instabilities have again occurred in the skin-friction line patterns, and now we see that both primary and 
secondary separations are of the global type, each starting at a saddle point. 

The final photographs in Fig. li at a = 32.5° evidence additional considerable complexity. It 
appears that relatively strong shock waves in the leeward crossflow are causing a significant predisposi- 
tion of the primary separation line to split into a series of saddle points and spiral nodes along its 
initial length. Ripples in the skin-friction-line pattern to the leeward of the primary separation line 
are further indicative of shocks in the leeward crossflow. Moreover, we detect additional spiral nodes 
forming on the hemisphere cap itself. 
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Thus, in the sequence of changing a from 0° to 32.5° for the hemisphere-cylinder in transonic flow, 
where the shock-wave/boundary-layer Interactions are evidently very complex, we have conjectured at least 
six separate structural instabilities in the skin-friction-line map to herald new topological structures in 
the surface pattern and in the external viscous/inviscid flow field. In addition, we have been able to 
discern on the basis of experimental evidence that these changes were accompanied by at least one asymp- 
totic instability of the external flow, leading to a bifurcation flow. This was when the evidence sug- 
gested that the crossflow instability mechanism had led to the appearance of an array of streamwise 
vortices in the boundary layer (see Fig, 9 in the previous paper). We note that the concept of bifurca- 
tion - one flow replacing another flow that has become unstable — is principally a theoretical one; it Is 
exceedingly difficult in practice to confirm that there is a flow other than the one observed that could 
exist in the absence of perturbations. It may be necessary to await the further development of theory 
based on the equations governing these flows before we can deduce the specific role played by bifurcations 
in determining the observed sequence of topological structures. We have also seen the particular develop- 
ments of local and global lines of 3-D separation. Let us now look at some additional examples in which 
the formation of spiral nodes on other configurations substantially influences the flow-field structure. 


3. RECTANGULAR WING: ASPECT RATIO 0.25 

For the hemisphere-cylinder, the existence of a two-dimensional separation bubble at o = 0° allowed 
us to deduce easily how the singular separation and reattachment skin-friction lines were transformed into 
singular points as a result of the three-dimensional effects introduced by a small angle of attack. We 
saw that the favorable transverse pressure gradient from windward to leeward created conditions for the 
appearance of a nodal point of separation on the leeward ray. We can follow this approach to some extent 
with the rectangular wing as well by focusing. our attention on the flow near the leeward centerline of the 
wing. In contrast with the previous flow, near the leading edge the transverse pressure gradient is 
favorable from leeward to windward and, as a consequence, we shall detect a saddle point of separation on 
the wing centerline. As an example of this behavior, Wickens’ 1966 investigation of a low-aspect-ratio 
rectangular wing (Ref. 11) is such a case. 

The oil -flow patterns taken by Wickens were on the leeward surface of a low-aspect-ratio (0.25) 
rectangular wing at an angle of attack of 20° (Fig. 5). This investigation was carried out in a low-speed 
wind tunnel, and we assume that the flow was laminar, at least on the forepart of the wing. Figure 6a is 
a deduction from Fig. 5 of the corresponding pattern of skin-friction lines; it represents the 3-D end- 
product of what had been, at very much lower angles of attack, a nominally two-dimensional separation 
bubble on the wing topside close to the leading edge. We see in Fig. 6a four spiral nodes, one nodal point 
of attachment, and five saddle points on the leeward surface, and that the windward surface must contain 
one nodal point of attachment (the stagnation point). Each of the five saddle points on the leeward sur- 
face separates the flows from adjacent pairs of nodes, a necessity in the buildup of the skin-friction-line 

topology (Ref. 12). Springing from the saddle points are dividing surfaces, the forms of which we attempt 
to portray in Fig. 6b. On each side of the centerline, we suppose that the primary separation consists of 
the dividing surface, which runs into the spiral node nearest the edge of the wing, taking the form of the 
"horn-type" dividing surface described previously by Legendre (Ref. 10). 

Particularly noteworthy is the other spiral-node/saddle-point combination nearer the centerline of the 

wing. We see from Wickens' pressure measurements at a = 20° in Fig. 6d that there is a favorable 

pressure gradient from the wing centerline outboard toward the tip, supporting the argument for a saddle 
point on the topside wing centerline and a direction toward the tip of the local skin-friction lines. 

Note that in the case of the hemisphere-cylinder, the direction of the skin-friction lines around the fore- 
part of the body was toward the leeward ray, and, that in contrast, we saw the emergence of a nodal point 
of separation there. Farther outboard in the present example (but inboard of the tip region) the combined 
effect of the spanwise and chordwise pressure gradients is to turn downstream the dividing surface origi- 
nating at the centerline saddle point, and to wind it up into a spiral node. Emanating from the node into 
the flow is an isolated vortex filament which passes downstream, perhaps very close to the surface. 


4. RECTANGULAR WING: ASPECT RATIO 3.5 


We now extend the aspect ratio of the rectangular wing to 3,5 and examine the results of Winkelmann 
and Barlow (Ref. 13). Figure 7 shows one particular example (at a = 23°) of many low-speed flows investi- 
gated by these authors. Figure 7a illustrates the surface oil-flow picture of the wing topside with some 
slight "run-down" of the oil toward the trailing edge, a result of stopping the wind tunnel. Nevertheless 
the essential features of the skin-friction-line pattern can be read from Fig. 7a; they are shown in 
Fig. 7b. The skin-friction-line trajectories that were evident in the Wickens flow in Fig. 6 appear in 
analogous form very close to the leading edge of the present example. Downstream of the flow reattachment 
at the node N^ on the centerline; however, we find another saddle point of separation, the separation 
line from which terminates in a pair of large spiral nodes covering an extensive area of the wing. The 
wing-tip line of separation shown in Fig. 6a in the Wickens flow is now situated inboard in the Winkelmann 
flow, and winds up into the large spiral node. By our definition, all separation lines starting from 
saddle points of separation are global separation lines. Notice now, however, that the separation line at 
the wing tip, providing the wing-tip vortex, originates from the attachment node on the underside center- 
line and is hence, again by definition, a local line of separation. This local line of separation termi- 
nates in another spiral node close to the trail ing-edge tip. 


We should comment that the external viscous/inviscid flow away from the wing surface is usually quite 
unsteady for angles of attack of the order of 23°, which is past the point of maximum lift coefficient. 

The oil pattern is essentially responsive to only very low frequencies and thus provides a time-mean of the 
instantaneous skin-friction-line pattern. The view of the external flow along the centerline of the wing 
must be construed similarly. 
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5. HIGH-ASPECT-RATIO SWEPT WING OF TRANSPORT AIRCRAFT 

The next example we wish to comment on Is a high-aspect-ratio swept wing immersed in a high subsonic 
speed environment close to the angle of attack at which buffet onset occurs (Fig. 8). A substantial 
pressure rise through a relatively strong swept shock wave on the wing topside dominates the flow-field 
development over almost the entire semispan, causing a swept 3-D separation line (see Fig. 8a). Toward the 
root, the single shock-wave structure would appear to split into the well-known lambda form, with a fairly 
strong forward leg and a weak aft-shock. Close to the shock-wave triple point, we detect a large spiral 
node in the pattern of skin-friction lines in conjunction with a saddle point of separation and a nodal 
point of separation. 

An examination of the oil-flow picture in Fig. 8a and the conceptual skin-friction-line pattern in 
Fig. 8b for this swept-wing example demonstrates the close analogy with the combination of singular points 
(node of separation/saddle point/spiral node of separation) that exists on the top of the hemisphere in 
Fig. 1. 


6. SLENDER DELTA WING 

About the simplest of all cases of 3-D separation is the flow field about a slender delta wing at 
angle of attack (Figs. 9, 10). It is well known that the characteristic feature of this flow is the 
appearance of free-shear layers that coil tightly around dividing surfaces of separation springing from 
the leading edges. Figures 9 and 10 show, respectively, typical patterns of limiting streamlines and skin- 
friction lines on the top surface of a delta wing with a 15® semiapex angle, at = 0 (Fig. 9) and 1.95 
(Fig. 10). We see at a = 25® for this wing the existence of primary and secondary separation lines at 
both Mach numbers, giving rise to primary, secondary, and possibly tertiary vortices. Beneath the cores 
of the primary vortices, the wing experiences peak suction pressures. However, the origin of the dividing 
surfaces and their detailed behavior in the vicinity of the apex remains conjectural. On the theoretical 
side, the difficulty is associated with the presence of sharp edges which violate ideas about analyticity; 
on the experimental side, the difficulty is associated simply with insufficient powers of visual or 
instrumental resolution. 

Theoreticians have attacked the problem by focusing on a small region of the apex and magnifying the 
scale to a degree such that the edges there appear to be rounded enough to dispose of the question of 
analyticity. Then it is reasonable to assume that just as for smooth round-nosed bodies, the flow in the 
vicinity of the apex must be describable within the framework of rules governing the behavior of singular 
points. The assumption is not sufficiently exclusive to enable the determination of a unique flow pattern 
but only a number of physically plausible ones. For example, if we restrict ourselves to the low-angle-of- 
attack case in which a primary separation line exists, we may have only a simple node of attachment on the 
apex resulting in local lines of separation on the wing. Presuming the sequential flow development around 
the apex to follow the case of a blunt-body flow already discussed in the previous paper, then as the angle 
of attack is raised at sufficiently high Reynolds number, we will expect the apex flow to bifurcate from a 
uniform attached flow to a flow with tiny streamwise vortices immersed within the boundary layer which will 
subsequently coalesce to form the primary separation. That such streamwise vortices, resulting from, in 
this case, instability of the crossflow velocity profiles near the leading edge, can exist on a slender 
wing is evident in Fig. 11, for example. At higher angles of attack, it is reasonable that the array of 
singular points proposed by Legendre (Ref. 16) or Lighthill (Ref. 12) (see Fig. 12) may also be candidate 
topologies on the apex. Note that when effects of the base become dominant as angle of attack becomes 
very large, substantial spiral nodes may form on the rear surface of the delta wing (see Fig. 13). Whether 
the leading-edge shape of the slender wing is straight, of ogival form, or of ogee form, qualitatively 
(i.e., from the topological standpoint) the skin-friction line patterns and the external flow streamlines 
are virtually identical for the three forms. 

We now wish to demonstrate the benefit of combining a slender-wing type flow with that about a small - 
aspect-ratio swept-back wing under transonic conditions where, utilizing our topological notions, we are 
able to deduce the flow-field structure from some experimental results, the oil-flow picture from which is 
not totally definite. 


7. LOW-ASPECT-RATIO SWEPT WING OF FIGHTER AIRCRAFT 

The large leading-edge extension or strake offers the advantage that induced lift provided by the 
vortices from the sharp edges can be used to extend the combat-maneuvering capabilities of a fighter air- 
craft,* particularly in transonic flow. Improvements in lift boundary and reductions in rolling moment 
unsteadiness and root-mean-square wing-root bending moments can be realized as a result of the drastic 
alteration of the wing-root flow caused by addition of the strake (see Figs. 14a to 14d). Kuchemann 
(Ref. 18) has suggested that the strake vortex avoids the necessity for the formation of the usual forward 
branch of the wing-shock pattern by providing a "soft" boundary for the flow turning inboard over the lead- 
ing edge, instead of the "stiff" boundary given by the fuselage side. 

Figure 14a illustrates some experimental measurements reported by Moss (Ref. 19) of contours of 
constant pitot pressure and vorticity behind a straked wing at angle of attack. Figure 14b shows a sketch 
(Moss, Ref. 19) of the oil-flow pattern on the top wing surface at a slightly lower angle of attack than 
that at which the contours were taken, but, nevertheless, where the same overall qualitative flow features 
hold. These experimental observations, taken together, allow us to synthesize patterns of skin-friction 
lines (Fig. 14c) and external flow streamlines (Fig. 14d) that although still conjectural, offer a rational 
description of the complex separation phenomena. 

Clearly, the effect of the strake is to split the wing flow field into two regions, each with a 
dominant vortical structure, of the same rotational sense. The strake modifies the wing-root flow to one 
of a slender-wing-type flow, with both primary and secondary vortices. Further outboard, the termination 
of the separation line beneath the strong shock wave near the leading edge is considered to be at a spiral 
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node N] on the wing surface, of counter-rotating direction to the larger spiral node N 21 shown in Moss' 
sketch (Fig. 14b). These spiral nodes produce a T-shaped pattern of vortical structures in the crossflow 
which are clearly evident in the wake traverse plane showing vorticity contours (Fig. 14a) downstream of 
the trailing edge. (Note the wing downwash field has moved the rotational flow from these spiral nodes 
below the level of the trailing edge in Fig. 14a.) At the junction of the wing trailing edge with the 
fuselage, we may infer the likelihood of another spiral node (see Fig. 14d of Peake and Tobak, Ref. 7). 

The respective topological rules for the surface skin-friction line pattern on Fig. 14c and for the cross- 
flow plot in Fig. 14d are satisfied, as shown on the illustrations. Again we should be cognizant of the 
spiral-node/saddl e-point formations In both the pattern of'Skin-friction lines and In the crossflow 
pattern. In direct analogy with those formations witnessed on the hemisphere-cylinder at angle of attack. 


8. CIRCULAR CONE 

Next to the flow about a lifting slender delta wing, the flow about a slender cone at angle of attack 
is the simplest 3-D flow field that may be envisaged. The cone, moreover, is a conrion forebody shape used 
in the design of supersonic flight vehicles. If viscosity is neglected, the flow field about the cone in 
a supersonic free stream has the unique property that no changes in flow quantities occur along rays 
(i.e., in direction r) emanating from the cone apex. The stream surfaces projected on to concentric 
spheres centered at the apex (called conical flow streamlines) are then similar. In practice, experi- 
menters have demonstrated that many features of the viscous/inviscid interacting flow field — such as bow 
shock-wave locations, circumferential pressure distributions, normal force coefficients, circumferential 
positions of separation lines, and surface shear-stress directions — are conical or nearly so. The growth 
of a laminar viscous layer cannot be conical, because it develops according to rO-5. in a fully turbu- 
lent flow, the exponent of r is nearer unity, implying a flow field very close to conical conditions. 

When the Reynolds number is sufficiently high so that transition occurs in proximity to the apex, the 
near-conical nature of the experimentally measured flow demonstrates a virtual absence of length effects 
in the streamwise direction: the flow is dominated completely by the circumferential pressure field 

(Refs. 20-23). Thus, the characteristics of these flow fields can be determined through measurement or by 
computation at essentially one streamwise station. In fully turbulent and fully laminar subsonic free- 
stream flow, even though base and thickness effects become measurable, the circumferential pressure 
gradients still dominate, to the extent that virtual conicity of the separation lines and shear-stress 
directions is still maintained. Then, because the effects of axial pressure gradients are subsidiary to 
those of circumferential pressure gradients on most other slender pointed forebody shapes, we may use the 
cone as a suitable model to obtain a basic understanding of forebody flows. 


S. SYMMETRIC THREE-DIMENSIONAL SEPARATED FLOWS ON THE LEEWARD OF CONES 

About the cone, the three-dimensional separation zone may be precipitated at circumferential angles 
of 120® or greater (measured from the windward ray), depending on relative incidence (angle of attack 
a divided by cone semi-nose angle 6r)» Mach number, and Reynolds number (see Fig. 63 in Peake and Tobak, 

Ref. 7). Provided that the viscous flow is either all laminar or completely turbulent from the apex, the 

windward boundary layers separate from primary separation lines that are along conical rays, rolling up 
into well-organized vortex structures situated close to the leeward meridian. The new leeward boundary 
layers grow outboard on each side of the leeward meridian by the induced swirling motion of the primary 
vortices. At sufficiently high angles of attack, they also separate from additional conical separation 
lines to form small secondary vortices that are tucked beneath and are of opposite rotation to the primary 
vortices. Whether, for a sharp apex, the separation lines (which are particular skin-friction lines) 
emanate from either the nodal point of attachment at the apex, or from saddle points very close to the 
nose in the continuous pattern of skin-friction lines, has not been resolved (see Sec, 6). Nevertheless, 
sequences of plausible skin-friction line patterns with saddle singular points in the vicinity of the nose 
as angle of attack is increased may be drawn (see, e.g., Peake and Tobak, Ref. 7). 

The structure of the symmetric separated flow about a slender cone at angle of attack with both 

primary and secondary vortices on the leeward has been well established in experiments (e.g., Rainbird, 
Refs. 20, 21) and computations (e.g., McRae et al.. Ref. 24) and Is illustrated in Fig. 15. This drawing 
shows a conical flow projection with the zero velocity points (i.e., singular points in this projection) 
that govern the pattern of the conical-flow streamlines. Note that the topology law for the conical flow 
projection is satisfied (see Eq. (10) in our previous paper). The shear layers departing from the surface 
at the three-dimensional separation lines are depicted by their dividing surfaces starting at half-saddle 
points. S', and coiling into vortices, the nodal foci N. The remaining half-saddle points S' denote 
attachments to the surface in this projection. Above the primary vortices in the plane of the leeward 
meridian is an enclosing saddle point S and a node N. This node is the point in the conical flow pro- 
jection where most of the conical streamlines in the external flow "disappear." In the three-dimensional 
flow, of course, all flow at such singular points is concentrated along a conical ray. 

Figure 15 presents the conceptual model of the flow field that has been investigated in flight and in 
the wind tunnel. The experiments (Ref. 23) proceeded under subsonic and supersonic free-stream conditions 
(M» = 0.6, 1.5, and 1.8) and at an angle of attack of 11® (relative incidence of 2.2). The same sharp 5® 
semi-angle cone and instrumentation were used both in flight and in the wind tunnel (see Fig. 16). 
Numerical computations were run for the Mach number 1.5 and 1.8 conditions, with a code utilizing the 
conically symmetric Navier-Stokes equations (Ref. 24). Details of the cone surface conditions beneath the 
turbulent viscous flow are presented at Reynolds numbers of typically 4 x 10^ for the wind-tunnel measure- 
ments and 10 X 10 ® for the flight measurements; they are compared with computations. These Reynolds 
numbers are based on free-stream conditions and on a 30-in. (76.2 cm) axial length to the first measuring 
station on the cone surface. 
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9.1 Mean Static Pressures at the Cone Surface 

Figures 17 and 18 illustrate circumferential static pressure distributions on the cone surface at the 
test Mach numbers of 1.8 and 1.5. The pressures are shown for the station 30 in. (76.2 cm) from the cone 
apex, with the outputs from four orifices at 90° intervals around the surface plotted in the same figure 
(Fig. 17). In addition, measurements are also provided at x = 31 , 33, and 35 in. (78.7, 83.8, and 88.9 cm) 
(Fig. 18). The pressure distributions displayed virtual symmetry about the meridian plane, so that only 
measurements made on one side of the cone are presented. 

The respective flight and wind-tunnel Mach-1.8 results at station 30 are shown in Figs. 17a and 17b. 

The results are plotted as surface mean pressure coefficients versus circumferential angle (|>, where the 
windward generator is recognized at <() = 0°. The experimental results are plotted with symbols, and the 
computed results are plotted with a continuous line. The flight and wind-tunnel data are in reasonable 
agreement in both trend and magnitude. The high quality of the flight data is especially noteworthy: the 

static pressure outputs at station 30 are virtually superimposed. However, some discrepancies appear near 
the windward ray and toward the leeward ray in the zone where the primary and secondary separations exist 
(±140° < ^ ± 180°). Note the suction peak close to (}> = ±165°, which signifies the presence of the primary 
vortex core above the surface. 

The computation duplicates the trends in the measurements, especially on the windward side. On the 
leeward, however, the numerical results provide a more positive level of pressure, although the suction 
peaks beneath the vortex cores are close to the experimental locations. 

Figure 18 portrays the flight circumferential pressure distributions at Mach 1.5 along the cone at 
four axial stations, x = 30, 31, 33, and 35 in. (76.2, 78.7, 83.8 and 88.9 cm) from the apex. The pres- 
sures along the cone are virtually invariant, confirming the near absence of length effects at supersonic 
Mach numbers. 

Thus, from Figs. 17 and 18 it may be deduced that up to the flank position on the cone, the boundary 
layer develops from the windward ray and undergoes acceleration in a very favorable pressure gradient. 

Once past = 100°, the viscous flow encounters a stiff adverse pressure gradient, departing from the 
surface at the primary separation line, The thin boundary layer that then develops from the leeward 

attachment line does so in the region of favorable pressure gradient from 4 = 180° to about 165°. 
Subsequently, the flow separates at The experimental primary and secondary separation line posi- 

tions marked in Figs. 17 and 18 are given from the pressure distributions obtained with the obstacle blocks 
described below. These measurements of =142° and <^>$2 ^ 157.5° are demonstrated to be in close 
agreement at both supersonic Mach numbers; the computations, on the other hand, predict values of and 

<I >52 that are marginally displaced toward the windward side. 

9.2 Obstacle Block Pressures and Separation Line Position 

To determine separation-line positions where use of an oil indicator on the surface is inappropriate, 
obstacle blocks (Refs. 25-27) may be used. These are small machined cuboids that are attached to the cone 
surface abutting static pressure orifices, as shown in Fig. 19. The performance of the block is analogous 
to that of a surface pitot tube, the signature from which is sufficiently sensitive to yield either a 
large increase in amplitude through a transition zone (Ref, 28) or well-defined troughs at three- 
dimensional separation lines (Ref. 24). 

Figure 19a indicates block-pressure coefficients CPB = (Pb - Plocal^/^® obtained at the four pres- 
sure orifices at station 30 for the Mach 1.8 flight case. These results compared very closely with the 
wind-tunnel results (see Fig. 19b). The pronounced troughs in the values of CPB close to i =140° and 
160° denote the primary and secondary separation line positions where the skin friction has a minimum but 
finite value. (Only at the singular points at which the separation line begins and ends is the magnitude 
of the local skin friction equal to zero in a three-dimensional viscous flow.) Note the elevated values 
of CPB toward the attachment lines where the boundary layers are thin: at the windward ray, leeward ray, 

and between the separation lines. In the wind-tunnel tests, the block outputs at stations 30 and 30B were 
calibrated directly against Preston tubes at stations 30A and 30C with the cone at 0° angle of attack. 

The Preston- tube calibration for compressible flow developed in Bradshaw and Unsworth (Ref. 29) (with slight 
modifications^) was used to give skin-friction magnitudes. Figure 19b indicates the corresponding skin- 
friction levels obtained from the blocks at high and low point values of CPB at a = 11°. Results 
analogous to those at Mach 1.8 were obtained at Mach 1.5 and 0.6. The measured and predicted primary and 
secondary separation line positions are shown in Figs. 17a and 17b. 

Some details of the external mean flow field are captured in the Mach 1.8 computed pitot contours 
shown in Fig. 20. Here, the height above the surface H is a fraction of the local radius of the cross 
section. The dividing surface from the primary separation line location ^S\ is shown as a chain-dot 
line; the locus of the inflexional zero velocity point in the crossflow velocity profiles (in the conical 
projection) is indicated as a dashed line. .There is close qualitative agreement between this computed 
result and previously published measurements in the external flow (Rainbird, Refs. 20, 21; Peake et al.. 
Ref. 30). It shows the extensive domain of the primary vortex close to the leeward ray, with the vortical 
core immediately above the circumferential angle = 166°, exactly where the calculated suction peak 
appeared in the Mach 1.8 static pressure distribution in Fig. 17. 

9.3 Surface Shear-Stress Directions 

The computed limiting streamline angles relative to conical rays can be compared with the experimental 
surface shear-stress directions obtained by oil-dot surface flow visualization in the wind tunnel. To 
provide a complete map of the wall shear-stress directions, precisely cut tracing paper was placed on the 


^Private cormuni cation from P. Bradshaw. 
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cone surface, and oil dots were applied around the circumference at given axial stations prior to a tunnel 
run. After the run, the paper was carefully unwrapped from the cone and photographed to give a flat pro- 
jection. Figure 21 presents a section of one of these photographs taken for a Mach-1.8 run at 12.5® angle 
of attack in the wind tunnel. This angle is higher than the 11® test condition presented thus far; the 
skin-friction line map, however, is qualitatively identical at both angles of attack. The limiting flow 
at the base of the three-dimensional boundary layer sweeps around the cone from the windward ray, and then 
turns to approach asymptotically the primary separation line in the region of circumferential adverse 
pressure gradient (Fig. 17b). The leeward boundary layer grows outboard from the leeward meridian (a line 
from which the adjacent skin-friction lines diverge) to approach asymptotically the secondary separation 
line. As Fig. 21 shows distinctly, there 1$ another reattachment line between the primary and secondary 
separation lines (see also Fig. 15). 

The computed limiting streamline angles are drawn in Fig. 21 for a Navier-Stokes calculation equiv- 
alent to the experimental conditions. The computed separation lines are shown as solid lines and reattach- 
ment lines by dashed lines. The lines are repeated at the base of the cone for clarity. The agreement 
between the computational results and the experiment is good. 

9.4 Fluctuating Pressure Measurements on the Cone Surface 

Microphone and Kulite pressure signatures were obtained at a = 11® in flight and in the wind tunnel 
at the station 34 in. (86.4 cm) from the apex as the cone was rolled about its axis. All microphone and 
Kulite data provided the same qualitative trends in a given test, but absolute levels did vary slightly, 
perhaps as a result of minute differences in flushness of the installation of the sensors in the cone 
surface, 

Measurements from one microphone obtained at Mach 1.5 in the wind tunnel are shown in Fig. 22 as root- 
mean-square values of the surface pressure fluctuation <p>, normalized by the free-stream mean dynamic 
pressure q^. The characteristic feature of these measurements is the progressive reduction in signal 
amplitude as the primary separation line ^$1 is approached, with a similarly low level at the secondary 
separation line This feature was found at all Mach numbers and was witnessed in an earlier investi- 

gation (see Peake ez al.. Ref. 31). The signal amplitude climbs again toward the leeward attachment line 
to a level close to that on the windward ray attachment line. Not understood, however, is the reason for 
the changing amplitudes in the attached flow around the flank of the core. Note that the fluctuation level 
on the windward ray at a = 11® is close to that measured at a = 0®, and to the free-stream fluctuating 
static pressure in the empty tunnel. The flight measurements yielded signal levels typically one order 
less than in the wind tunnel, with much less relative distinction between those levels at the separation 
and attachment lines. 

Figure 23 shows sample wind-tunnel power-spectral density results indicating a reduced energy level at 
primary separation relative to the windward and attachment-line boundary layers. When, on the other hand, 
the root-mean-square pressure output is normalized by the local value of skin friction, characteristic 
peaks (again see Peake et al.. Ref. 31) are demonstrated at the primary and secondary separation line, as 
we see in Fig. 24. In other words, as separation is approached, the local skin-friction decreases at a 
faster rate than does the root-mean-square pressure fluctuation. We see that the "roller "coaster" region 
around the flank in Fig. 22 does not translate into a similarly obvious region in Fig. 24; rather, there is 
a relatively smooth enhancement of {<p>/iyi) in the (j> range 40® «^> 120®. Note that there is a notice- 
able peak in the wind-tunnel spectral outputs in Fig. 23 at 1.6 kHz. This appears to be a harmonic of the 
fan rotational speed, rather than a characteristic feature of the flow-separation phenomena or a discrete 
tone from the slots in the tunnel working section, since the same peak was also observed on the a = 0® 
runs, with and without the slots sealed. Finally, the value of measuring the fluctuating pressure at the 
surface of the cone has been that it provides a qualitative guide as to how the eddy viscosity distribution 
should be tailored in the computation (Ref. 23). It appears that the eddy viscosity should rise and fall 
in sympathy with the absolute fluctuating pressure signal. 


10. SEPARATED FLOW ABOUT LONG SLENDER BODIES 

The body of a typical missile or rocket consists of a low-drag nose shape attached to a circular 
cylindrical afterbody. The afterbody is about 10 body diameters in length and has stabilizing fins or a 
flare mounted close to the base end. Such long bodies are very prone to flow separation once they depart 
from a zero angle of attack flight condition. To oversimplify the picture, we may regard the long 
cylinder as a cone of essentially zero included angle and so for any small angle of attack, the relative 
incidence is very large and separation is inevitable somewhere down the body. The typical separated flow 
regimes encountered on the leeward with increasing angle of attack are (1) a symmetrical vortex wake about 
the meridian plane; (2) a relatively steady asymmetric vortex wake; and (3) an unsteady diffuse vortex 
wake. These regimes are illustrated (Figs. 25a-25c) in side elevation in the water-tunnel experiments of 
Fiechter (Ref. 32) for a tangent-ogive cylinder up to angles of attack of about 60®. 

10.1 Steady Symmetric Separations 

On very long pointed or blunt-nosed slender configurations, separation first occurs symmetrically with 
a pair of vortices trailing back along the body. Figure 26 illustrates such body separations in side 
elevation on a blunted cone-cylinder-flare model at a low relative incidence in a Mach 4 airstream. The 
separations and vortex wake are recognizable in the photograph at about 1-2 body diameters behind the cone- 
cylinder junction and proceed downstream on the lee of the body in a well-ordered and structured fashion 
(see Fig. 25a). These symmetric vortices are virtually identical in form in the crossflow plane at cor- 
responding relative incidences, provided the crossflow is subsonic. By way of example. Fig. 27a shows the 
crossflow about an ogive-cylinder at 20® angle of attack at M« 0, made visible with dye and aluminum 
particles in a water- tunnel study by Werle (Ref, 33). The close analogy between this low-speed case and a 
Mach-2 wind-tunnel result for another ogive-cylinder at 26® angle of attack (Ref. 34) is revealed in 
Fig. 27b. The figure shows a composite of laser vapor-screen photographs for various crossflow planes 
along the body, assembled in an isometric view. Both primary and secondary vortices are observable. 
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Careful measurements of the crossflow velocity vectors and contours of constant pitot-pressure deficit 
in low-speed symmetrical flow were made by Grosche (Ref. 35), as shown in Figs. 28a and 28b. The pitot 
contours display evidence of both the primary and secondary separations that were seen on the cone in 
Fig. 20. Note in Fig. 28c that when a wing is added to the body at the same angle of attack, there is a 
substantial shift in the position of the body vortices as a result of the larger induced effects of the 
controlled flow separations at the edges of the swept wing. 

Some painstaking experiments on missile configurations at angle of attack were made by Boersen 
(Ref. 36) to elucidate the fine details of the skin-friction line patterns. Figure 29 shows some of his 
results. Figure 29a displays the local primary separation line in turbulent flow along a 0c 
blunted cone-cylinder (without flare or fins) at a low relative incidence of 0.6, Rl» ^ 10 x 10°, and at 
Mach 2.3. The flow is symmetrical about the meridian plane but notice (on the unwrapped surface of the 
cylinder) in Fig. 29b, the gradual convergence of the skin-friction lines emanating from the clearly de- 
fined windward attachment line zone, followed by the very abrupt turning into the local primary separation 
line $ 1 . The induced downflow between the primary vortices (Fig, 27a) causes a rapid divergence along 
the leeward generator A], toward the apparent beginning of local secondary separation region $2. 
urally, if we maintain our hypothesis of demanding patterns of continuous skin-friction lines associated 
with a limited number of singular points, the attachment and local separation lines that are very evident 
in these elegant flow visualization studies of Boersen (Ref. 36) must emanate from the attachment node on 
the surface at the nose. Only when the local circumferential pressure gradients become sufficiently ad- 
verse do we see the rapid turning of skin- friction lines to form asymptotes to the particular skin- friction 
lines that are the local primary and secondary separation lines. 

Changing the forebody to a 0c = 20® sharp cone (see Fig. 30a) at the same relative incidence of 0.6 
(Ref. 36) produces no substantial change to either the flow symmetry or to the commencement of the 3-D 
separated region, but a tertiary and even a fourth separation line are now observed on the downstream part 
of the cylinder. (Again, we assume these to be local separation lines). Circumferential pressure distri- 
butions at the axial stations identified in Fig. 30a are plotted in Fig. 30b, where increasing Reynolds 
number is demonstrated to typically enhance the magnitude of the suction pressures, particularly those 
beneath the primary vortices. Note that the windward generator is on the right-hand sj_de of the figure, 
and circumferential angle increases toward the left, the reverse notation to that used, for example, for 
the cone in Fig. 18. At station 1, the circumferential pressures are still dominated by the apparent 
attached viscous flow leaving the pointed conical forebody and no observable separation has developed just 
downstream of the cone-cylinder juction, even though the circumferential pressure gradient is adverse 
between 120® < ^ < 180®. Except near the cone-cylinder junction, the axial pressure gradients are negli- 
gible. Beyond the minimum pressure point at stations 2-5, however, close to <J> 90®, the circumfer- 

ential adverse pressure gradient has steepened sufficiently to provoke primary separation near the flank. 

At station 3, the pressure distribution is reminiscent of the cone flow in Fig. 18, with the primary and 
secondary separations present (compare also the oil flows in Figs, 21 and 30c). At subsequent stations 
downstream along the cylindrical afterbody, further very sharp changes in the curvature of the pressure 
distributions are detected, consistent with possible embedded shock waves at positions c and d in Fig, 30c, 
and the associated development of additional local separation lines at positions e and g. A tentative 
sketch of the crossflow is provided in Fig. 30c, which differs in some respects from that proposed by 
Boersen (Ref. 36). 

These body separations have an important effect on the vehicle's static and dynamic stability. At 
small relative incidences, where the separation is essentially steady and symmetrical with respect to the 
angle-of-attack plane, the ensuing body vortices produce a nonlinear contribution to the overall normal 
force and pitching moment. If the fin system is not symmetrically orientated with respect to the angle-of- 
attack plane, however, a cross-coupling side force, yawing moment, and rolling moment can arise, even at 
small angles of attach 

Flows such as these were studied extensively in the 1950’s, particularly at NASA, by Jernell (Ref. 37) 
(cone cylinders and ogive cylinders, 0® < a < 180®) and by Jorgensen and Nelson (Refs. 38, 39) (cylinders 
with assorted nose shapes and bodies of elliptical cross section). A summary of these latter experiments 
and force predictions from crossflow methods is given by Jorgensen (Ref. 40). A good understanding, in an 
overall sense, has been obtained on the development of both forces and moments. An estimate, in incompres- 
sible flow, of the overall forces and moments acting on a slender body of revolution without fins was 
offered by kuchemann (Ref. 41), summarizing an analysis done 20 years earlier.^ Vortex sheets, as plane 
vertical surfaces, were assumed to exist all along the cylinder and the vorticity vector in the sheet was 
assumed to lie In a direction halfway between the direction of the free stream and the body axis. Results 
of typical calculations utilizing this very simple symmetric model are shown (Fig. 31) to be in quite 
reasonable agreement with experimental results. 

To demonstrate the effects of nose shape, a series of tests at high Reynolds number was reported by 
Peake et al . (Ref. 42) who summarized the experiments of Atraghji (Refs. 43, 44) on the characteristics of 
a family of 16 pointed conical and tangent-ogives attached to cylindrical aterbodies (see Fig. 32). Each 
nose could be fitted to a cylindrical afterbody length of either 6 or 12 body diameters, but there were no 
Stabilizing fins attached. Forces and circumferential pressures were measured, and the oil dots applied 
to the surface of the models yielded the patterns of skin- friction lines. At low angles of attack (typi- 
cally up to a 3®) where there was attached flow, the slope of the normal force/angle-of-attack plot, 

CMrt increased with Mach number and semi-nose angle, 6c (see Fig. 33). The effect of overall slenderness 
ratio L/D was less clear, although at M„ = 0.5 the trend was established of an increasing with 

L/D. Calculations using slender body theory (Ref. 45), the USAF "Datcom" data sheets (Ref, 46), and the 
method due to Ohman (Ref. 47) were also performed. As a general rule, the theories appear to underpredict 

at a given semi-nose angle and slenderness ratio. 

In the range of angle of attack (characteristically, a = 3® to 11®) for the series of nose shapes 
tested, three-dimensional leeward flow separation is symmetric. The induced suction pressures from the 
rolled-up shear layers generate a large nonlinear normal force component, but no side force. With the 
normal force represented by a quadratic in a: 
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2 

= K + b^a + dja 

where K only removes the experimental uncertainty in the true measurement, Fig. 34 illustrates the increase 
in coefficients bx and dx with both Mach number and slenderness ratio, with a significant variation in d 
at a given Mach number and slenderness ratio attributable to the semi-nose angle, 9r. The more slender 
ogives listed in Fig. 32 (07, 09, and Oil) would appear to generate a larger nonlinear lift throughout the 
Mach number range and for both afterbody lengths. 

Rational calculations of the symmetrical separated flow field about long slender bodies at angle of 
attack are few. Development of a "Navier-Stokes" computational technique similar to that used by Pulliam 
and Steger (Ref. 6) to determine the separated flow about a long blunt body at moderate angle of attack 
(see discussion of the hemisphere-cylinder, Sec. 2) should be encouraged, to attain finer resolution of 
the flow- field details in the vortex wake and on the surface. 

10.2 Asymmetrical Separations 

At relative incidences of long slender bodies higher than those Just discussed, say for values typi- 
cally more than 2, separations and body vortices become asymmetric but still relatively steady in space. 

The result is that large side forces, yawing moments, and rolling moments are developed, especially on 
fin-stabilized vehicles. 

The onset of asymmetry and the initial direction of the side force are responsive to small changes in 
geometry at the nose, Reynolds number, Mach number, and perturbution level of the free stream up to angles 
of attack where conditions in the leeward crossflow become transonic. In addition, the maximum overall 
side forces are particularly sensitive to the roll orientation of the body. As speed increases further, 
the significant side forces disappear (Ref. 42). The asymmetries occur in laminar, transitional, and tur- 
bulent flows. Nevertheless, the implication from recent tests by Lament (Refs. 48, 49) with tangent-ogive 
cylinders at angle of attack (at Reynolds numbers encompassing laminar, transitional, and turbulent 
boundary-layer separation) is that the vortex wake is less structured in the transition domain, leading to 
reduced side and normal forces at a given subsonic Mach number. In the fully laminar or turbulent re- 
gions, on the other hand, where the organization of the flow field is well defined, the respective magni- 
tudes of the side force are larger and are closely matched - see Fig. 35, in which the results for maximum 
side force versus Reynolds number are plotted for a missile with a 2-D ogival nose and a 5.5-D body 
(Lament, Ref. 48). 

There appear to be two candidate mechanisms that cause the development of asymmetry in the leeward 
vortex wake, and hence produce side force. The first, which appears to operate in both the laminar and 
fully turbulent separation regimes, may be related to the stability of the velocity profiles in the vicin- 
ity of the saddle singular point that exists in crossflow planes above the projections of the body vortices 
The second may be a result of the occurrence of asymmetric transition leading to an effective asymmetric 
mean flow at given body cross sections. Although the second mechanism is operable only within the transi- 
tion zone, the former mechanism plays a role in both laminar and fully turbulent flow (see Ref. 48, 49). 

It will be discussed further in the subsequent paper by Skow and Peake in this lecture series. Typical 
asymmetrical circumferential pressure distributions are shown in Figs. 36 and 37 for laminar, turbulent, 
and transitional body flows for the 2-D ogival nose, 5.5-D length afterbody of Lamont (Ref. 48). 

In turbulent flow, certainly, it would appear that at forebody relative incidences where asymmetry 
of the vortex wake commences, we are always dealing not only with separation of the primary boundary 
layers that develop on each side from the windward generator, but with secondary separations of the lee- 
ward boundary layer in addition. The onset of asymmetry would seem to be characterized initially by a 
rapid, local movement circumferentially of one (or both) secondary separation lines followed, as angle of 
attack is increased further, by circumferential movement of the primary separation lines (Refs. 42, 50). 

The asymmetric skin-friction line pattern on the conical surface development shown in Fig. 38 illustrates 
this latter flow situation, with "wobbly" primary and secondary separation line traces existing all along 
the cone (Ref. 51). There, the free-stream Mach number is 2.94 and the relative incidence is 4.5. At 
lower free-stream Mach numbers, however, the asymmetric separation lines have been found to be conical 
(Ref. 30). 

The asymmetric vortex wake usually develops from asymmetric separation line positions on the body, but 
the latter does not. appear to be a necessary condition for the former to occur. An appraisal by Keener 
and Chapman (Ref. 52)) of some earlier, low-subsonic speed tests of Shanks (Ref. 53), in which forces and 
moments were measured on very slender, flat-plate, delta wings (sweep angles of 70° to 84°) at angle of 
attack, indicates that even though the separation lines were fixed at the sharp leading edges, asymmetry 
in the leading-edge vortices, as determined by the onset of significant rolling moment, occurred when the 
angle of attack was about 3 to 4 times the wing semi-nose angle. This angle of attack for asymmetry is 
splendidly illustrated on the vapor-screen pictures (Fig. 39) about another very slender delta wing 
immersed in a Mach 2.8 flow (Ref. 54). Nonetheless, the sharp edges have a beneficial effect in delaying 
the onset of asymmetry to higher relative Incidences than those obtained with smooth pointed forebodies or 
forebody-cl inder configurations (Refs. 42, 55, 56). 

Because the development of the turbulent flow structures in the three-dimensional swept separation 
zones and in the tightly coiled free-shear layers is virtually unexplored, the modeling of the leeward flow 
asymmetries poses severe problems. Recourse has been made, for rough predictions of the flows about mis- 
sile shapes, to inviscid flow approximations of the leeward region, utilizing arrays of line vortices (see 
the review by Nielsen, Ref. 57), of nonlinearities in missile behavior at high angles of attack). Alterna- 
tively, the impulsively started flow analogy proposed many years ago by Allen and Perkins (Ref. 58) has 
frequently been applied (Ref. 59), In this hypothesis, the development of the crossflow with distance 
along an inclined body of revolution is likened to the growth with time of the two-dimensional flow past 
the corresponding circular cylinder impulsively started from rest. Useful engineering formulae have cer- 
tainly resulted utilizing the analogy. Nevertheless, given the complexities of the three-dimensional 
boundary- layer growth, separation, and vortex development about slender bodies at angle of attack, it is 
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intriguing that the impulsive-flow analogy can provide more than just qualitative details of the flow. 

If we restrict ourselves to invoking the impulsive-flow analogy to provide only the overall flow structure, 
the topologies of the 2-D unsteady and the 3-D steady cases appear virtually analogous (Ref. 60). If we 
demand stricter correspondence between the two, there are issues for debate. For instance, the growth 
of the unsteady 2-0 vortex differs essentially from that of the steady 3-D vortex in space. Kuchemann 
and Weber (Ref. 61) point out that in three dimensions, fluid entering the core of the vortex can be 
discharged axially, whereas in two dimensions no such escape is available. Thus, the 2-D core must expand 

continuously outward with time to accommodate all of the fluid entering the vortex. Kuchemann and Weber 

show further that there is only one case in inviscid flow in which the two kinds of vortices are formally 
identical: where the steady three-dimensional flow is conical (so that slenderness assumptions can be 

invoked); and where the unsteady flow is permitted to grow linearly with time. Hence, if the development 
of the real viscous wake (in 2-D with time, and in 3-D with distance along the body) can be represented 
by these respective but special inviscid approximations to vortex growth, then the impulsive-flow analogy 
should be a suitable artifice under conditions of high Reynolds number. 

For the missile at sufficiently high angle of attack, the asymmetric leeward flow is coupled with 
asymmetries in primary (and secondary) separation line positions. An example is shown in Fig. 40 where 
the asymmetric primary separation line positions on the port and starboard of a 5.8® cone-cylinder and a 
13.9® ogive-cylinder, at Mach 0.6 and at identical angles of attack (18°), are plotted. The boundary 
layers are turbulent. This figure demonstrates the Important influence of nose shape on the asymmetry of 
the flow. We detect that on the very slender conical nose, at its relative incidence of just over 3, 

there is substantial flow asymmetry all along the body (solid lines in Fig. 40). In contrast, because 

the less slender ogival nose is at a relative incidence of about only 1.3, the commencement of separation 
there shows only slight asymmetry, with less difference in separation line positions from side to side 
(dashed lines in Fig. 40). 

Figure 41 illustrates the magnitude of the mean side-force coefficient Cy with respect to the 
normal-force coefficient C|^, as model angle of attack is increased, for the selection of nose shapes 
shown in Fig. 32 with the 12-D afterbody length. Unsteady fluctuations in side-force coefficient, with 
peak-to-peak amplitudes as high as ±0.3 at a = 25® were measured, superimposed upon the mean Cy levels. 
For angles of attack up to about 27°, increasing either the semi-nose angle or the Mach number reduced the 
amplitude of the side force. In fact, at M» 2 when 0c > 10®, and for all configurations at M« = 3.5, 
no measureable side force was obtained. Figure 42 presents the critical angle for flow asymmetry (judged 
by the side force exceeding, say 5% of the normal force) plotted against the semi-nose angle e^. As 
before, we confirm that the onset of flow asymmetry is delayed by increasing Qq and Mach number. But 
the effect of the longer afterbody is to provoke asymmetry at a lower angle of attack. 

Keener et al . (Ref. 56) attempted to draw some tentative boundaries based on angle of attack and 
fineness ratio between the various flow regimes that appear on the leeward of ogive-cylinder bodies in 
subsonic flow. Figure 43 illustrates these zones at Mach 0.6 for nominally turbulent viscous flows. We 
observe that three angle-of-attack boundaries are plotted as functions of overall fineness ratio, thus 
separating the angle of attack range of 0® to 90® into the three regions of different vortex formations 
that were introduced in Fig. 25. Recall that the regions are (1) regions of symmetrical steady vortices, 
typically up to angles of attack of about 1.5 times the semi-nose angle in subsonic flow; (2) regions of 
quasi-steady asymmetric vortex flows; and (3) at very high angles of attack, a "two-dimensional unsteady 
wake-like" flow. In Fig. 42, we detected in the high Reynolds number data of Peake et al . (Ref. 42) that 
the angle of attack at which the onset of as>mimetric side-force development occurred was particularly 
sensitive to semi-nose angle, and less dependent on afterbody length. The data in Fig. 52 have been 
plotted again in Fig. 43. Along a given vertical bar representing fixed nose and afterbody fineness 
ratios, we see again the dependency of onset angle on semi-nose angle . The higher Reynolds number data 
of Peake et al . (Ref. 42) indicate the onset of asymmetry at lower angles of attack than the data pre- 
sented by Keener et al (Ref. 56). 


11. SHARP AND BLUNT CONES OF EQUILATERAL TRIANGULAR CROSS SECTION WITH ROUNDED CORNERS 

There is a renewal of interest in fuselages of cross-sectional shape other than circular (see Hasel 
and Kouyoumjian, Ref. 64) to investigate whether flat-sided configurations (which can be more volume pro- 
ductive for housing avionics) may also provide improved aerodynamic performance, lateral stability char- 
acteristics, fuselage load distributions etc., at high angles of attack. A recent investigation at Ames 
Research Center by Clarkson et al . (Ref. 65) has concentrated on forebody shapes of rounded triangular and 
square cross section. From the extensive body of experimental results collected therein, we shall select 
for comment only a small sample dealing with the flows about sharp and blunt cones of triangular cross sec- 
tion at a particular angle of attack and Reynolds number. We shall see that the flow structures have 
many of the same topological features as those observed previously on sharp and blunt-nose bodies of 
circular cross section, under similar flow conditions. 

Details of the sharp and blunt-nose triangular cone models are given in Fig. 44. Circumferential^ 
rings of orifices for surface pressure measurements were located at three axial statior.'* ‘s indi''?.'*'^'’ n 
the figure. Tests were carried out in the Ames 12-ft wind tunnel at low speeds. The models were placed 
in the wind tunnel at angle of attack and at zero roll angle, the latter orientation being defined as 
occurring when a flat side of the model was directly windward. 

Figure 45 present the results of oil-flow visualization experiments for the two models under essen- 
tially identical flow conditions (angle of attack = 45®, Reynolds number based on base height = 1 .1 x 10 
and 1,2 x 10^ for the blunt- and sharp-nose triangular cone, respectively). Figure 46 presents the cor- 
responding circumferential surface pressure distribution at the three axial locations indicated in Fig. 44 

Surface oil -flow patterns on the blunt-nose model (Fig. 45a) show evidence of primary and secondary 
lines of separation occurring on each flank of the body just after the flow has turned the corner of the 
blunt windward face. The primary separation is global, originating at a saddle point, and the secondary 
separation, occurring farther downstream, is local. There is an intricate flow on the leeward face of the 


blunt nose, giving evidence of a pair of spiral nodes on either side of the plane of symmetry. Flow pat- 
terns here bear a resemblance to those over the nose of the hemisphere-cylinder at angle of attack (see 
In particular Figs. Ig-li), in either case being the result of a series of abrupt local changes in both 
streamwise and circumferential pressure distributions. It will be noted that the surface flow pattern 
appears to be symmetric with respect to the angle of attack plane. This is borne out by the results of 
the circumferential surface pressure measurements (Fig. 46a), which are virtually identical on the port 
and starboard sides at all three stations. 

Surface oil -flow patterns for the sharp-nose model (Fig. 45b) again show evidence of primary and 
secondary lines of separation. Here, however, it is probable that the primary and secondary lines of 
separation are local, both originating from the nodal point of attachment at the nose. Furthermore, the 
presence of a sharp nose eliminates the appearance of the intricate pattern of spiral nodes that was 
observed on the leeward face of the nose with the blunt-nose model. It is, however, the very marked asym- 
metry in the location of the secondary lines of separation in the oil -flow pattern for the sharp-nose 
model (Fig. 45b) that is the principal distinction between the patterns for the two models. This asymmetry 
is accompanied (see Fig. 46b) by a similarly marked asymmetry in the surface pressure distributions on the 
port and starboard sides at all three stations. There is reason to believe that just as for slender 
sharp-nose bodies of circular cross section (see discussion in connection with Fig, 37), the occurrence of 
this asymmetry, reflected first by the rapid circumferential movement of the secondary lines of separa- 
tion, is associated with the onset of boundary-layer transition. Thus, just as for bodies of circular 
cross-section, it appears that for bodies of triangular cross-section, blunting the nose helps delay both 
the onset of flow asymmetry and boundary-layer transition. 


12. SUPERSONIC INLET INTERACTING WITH FLOWS ON ADJACENT SURFACES 

The half-cone or quarter-cone inlet mounted adjacent to a fuselage sidewall and wing/fuselage inter- 
section may cause a substantial problem of swept shock wave/turbulent boundary-layer interaction, partic- 
ularly at off-design conditions. The intake is usually raised from the fuselage surface to permit both 
bleeding and diversion of the oncoming viscous flows (Ref. 66). 

Figure 47 shows an oil-flow pattern taken by Culley (Refs. 67, 68) about a 0c = 25® half-cone 
intake at Mach 1.6 and at a Reynolds number of 6 x 10^, based on the wetted run to the intake capture 
face of 2 in. (5 cm) diameter. The inlet was operating at design shock cone position and at maximum mass 
flow (with some spillage, as seen on the Schlieren photograph). Even though auxiliary ram (bleed) intakes 
were located in the plane of the cowl lip to ingest the turbulent fuselage boundary layer, there was 
clearly a substantial diversion of the fuselage boundary layer upstream of the bleed ducts. The fuselage 
flow was three-dimensional ly separated by intersection with the intake pressure field, the separation line 
coinciding approximately with the projection of the cone shock on the fuselage wall. Thus it would appear 
that the most deficient portion of the fuselage boundary layer is spilled as vortices into the airplane 
flow field. 

As an initial step in predicting this flow field, a calculation of the partial cone flow itself about 
the same 6= 25® half-cone at Mach 1.6 was performed (Peake et al.. Ref. 69) but without a reflection 
plane. The pressure field that would be impressed upon the fuselage is approximately that existing 
between the shock wave and the half-cone, as shown in Fig. 48. The maximum overall pressure ratio between 
the shock and the cone is greater than 1.5, so that, as we saw earlier, 3-D separation would be expected. 

Culley (Refs. 68, 70) also showed that with a quarter axisymmetric intake model, the use of a splitter 
plate to isolate the airframe boundary layer from the adverse influence of the intake could involve a 
multishock viscous compression and 3-D separation of the fuselage boundary layer upstream of the splitter 
plate (Fig. 49) that was not influenced by variations in the intake mass flow. 

Other* serious swept-shock/boundary-layer interaction problems in propulsion layouts may be encountered 
beneath supersonic wing planforms when designers attempt to take advantage of "favorable interference" 
effects (Refs. 71, 72) from compressions about engine nacelles and boundary-layer diverters. 

Figure 50a shows the oil-dot flow pattern on the undersurface of a lifting 70® delta wing at 
Cl = 0.08 in a free-stream flow of M* = 2.75 at a Reynolds number, based on the maximum wing chord, 
of 24 X 10^ (Ref. 73). The four-nacelle arrangement is typical, in position and scale, of a supersonic 
transport layout. The two uppermost intakes were operating at design mass flow with cone shock on lip. 

One will note a small region of three-dimensional separation caused by the wedge-shaped pylons (diverters) 
and cowl pressure field in Fig. 50b, where the propulsion nacelles have been removed to facilitate inspec- 
tion of the oil flow. The lower pair of intakes was throttled internally to about 70% design mass flow, 
forcing the throat normal shock outside of the cowl lip. The result of operating subcritically is to 
cause a massive three-dimensional separation of the starboard under-wing boundary layer and high local 
heat-transfer rates in the reattachment regions downstream of the separation. Figure 50c exhibits a 
postulated pattern of singular points and skin-friction lines in the region where the adjacent separation 
lines interfere with each other. The interference appears to result in the formation of a nodal point of 
separation interspersed between the two saddle points immediately ahead of each wedge-shaped diverter. A 
sketch of the streamlines in the streamwise plane of symmetry passing through the node of separation is 
also given in Fig, 50c. The accompanying changes in normal force are shown in Fig. 51. At a cruise lift 
coefficient of 0.08, occurring at an angle of attack of about 3° for this symmetrical wing, there is a 
20% increase in lift from the throttling of the four intakes to 70% of the design mass flow; the cor- 
responding increase in drag for subcritical operation is illustrated in Fig. 52. At off-design Mach 
numbers, the shock/ boundary- layer interactions and resulting 3-D separations may be even more severe in 
their effects on drag. 
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13. CONCLUDING REMARKS 

We have described the structure of 3-D separated flows about various types of aerodynamic components 
immersed in both low-speed and high-speed flows and encompassing the viscous flow regimes from laminar to 
turbulent. Typical components displayed have been slender shapes such as the cone (with circular and 
triangular cross sections), hemisphere-cylinder, and delta wing, a number of rectangular and swept wings 
of low and high aspect ratio, and supersonic inlets. 

By holding strictly to the notions of continuous vector fields of skin-friction lines and external 
streamlines in association with a restricted number of singular points (nodes, saddles, and spiral nodes) 
on the surface and in particular projections of the flow (the crossflow plane, for example) we have a 
language to classify rationally and unambiguously the 3-D separated flow field about any useful aero- 
dynamic configuration. Sequences of structures of ascending elaboration of nodes, saddles, and spiral 
nodes can be assembled which are then available to guide experiments when observation is imprecise, or to 
check the veracity of numerical calculations. We have shown, moreover, that in cross-sectional projections 
of diverse 3-D separated flows, the mechanisms become familiar, occurring repeatedly from flow to flow. 

As an approach to design, we may postulate sequences, starting with the simplest number of singular points 
on the surface and in the flow, for a vehicle at low angle of attack, and increasing in complexity as 
angle of attack becomes large. The philosophy of design, especially at high angles of attack when the 
leeward vortical flows have a tendency to become asymmetric, must be one of controlling the locations of 
the 3-0 separations on the vehicle, such as at sharp edges, or by active control from blowing, for example. 
The design aims, in summary, are that we require steady boundary conditions to provide steady flows, and 
symmetric boundary conditions to yield symmetric flows. We further demand that as flow regimes change 
with increasing angle of attack there should be no discontinuous jumps to give uncontrollable forces and 
moments. 

This collection of diverse 3-D separated flows has demonstrated that when a 3-D boundary layer 
detaches from the surface it will, almost without exception, leave along a swept separation line, rolling 
up in the process into a well -organized nominally steady vortical motion. The underlying mechanism 
appears to be independent of both Reynolds number and Mach number, although under laminar conditions the 
flow features are normally more exaggerated. Hence, the overall details of many flows of practical 
interest can be determined in a water-tunnel facility in which aircraft and missile designers can make 
changes to configurations quickly and very cheaply. Some airplane and missile companies are currently 
doing this. 

We deem it useful to end this review by specifying the issues that have been raised, from both 
experiments and calculations, in the study of singular points. First, there is the question of scale 
effects. Many large-scale flow phenomena involve a small-scale organized substructure (e.g., arrays of 
longitudinal vortices on the scale of the thickness of the transitional boundary layer or vortex-shedding 
on the scale of a shear-layer thickness). In some cases, all or a part of this organized substructure is 
capable of determining the outcome of the evolution of the large-scale structure; in other cases, it is 
not. Is it possible, then, to formulate a principle that will distinguish between the vital and the 
unimportant organized substructures? Can one devise an averaging technique that will preserve the essen- 
tial structures and smear out the remaining ones? A clarification of these queries should also shed 
light on similar problems involved in turbulence modeling. The utilization of meshes in finite difference 
calculations obviously provides a process of averaging, but more work is needed to understand the ramifica- 
tions of altering mesh intervals, especially insofar as they affect the representation of vital organized 
substructures. Moreover, we need to incorporate an adequate treatment of the essential singular points in 
numerical calculation schemes, either by refining the mesh size about the singular points or by including 
some analytical representation of the flow about the singular points within the numerical scheme. 

Second, the rules underlying the placement, number, and types of singular points in terms of the 
governing flow parameters and body geometry need elaboration. This is particularly true in the nose 
region where the nature of the origins of lines of separation becomes obscure. 

Third, the mechanisms by which stationary flow structures change their topology from one level of 
complexity to the next (i.e., as they pass through structural instabilities and bifurcations) need to be 
exposed. For example, studies are needed to provide the links between structural instabilities and 
bifurcations and the large-scale structural changes in the flow that are characteristic of buffet, stall, 
and vortex breakdown. 

Finally, although we have demonstrated a satisfactory understanding in general of the structures of 
3-D separated flows, we are only able to compute them about a limited number of simple aerodynamic com- 
ponents. Numerical techniques invoking either inviscid approximations to model the coiling shear layers, 
or approximate forms of the Navier-Stokes equations, have been successful and should be encouraged further. 
But the physics of the turbulence in 3-D separated flow regimes has not yet been investigated to any great 
extent, and an appeal to well-planned experiments with nonintrusive instrumentation must be made in this 
regard. To restrict the avenues of possible research, and as a suitable starting point, it might be useful 
to concentrate on measuring the fluctuating flow quantities in the vicinity of the singular points to 
determine if there is any Identifiable, and perhaps universal, turbulence field associated with each type 
of singular point. 
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Oil -streak patterns about a hemi sphere-cyl inder at angle of attack at 
Ri = 4.9 X 106 , L = 7.5D, D = 2.6 in. 
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Conceptual sketches of skin-friction line patterns about a hemisphere 
cylinder at angle of attack (drawn from Fig. 1). 
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Crossflow vapor screens at x/D = 6.5 along hemisphere-cylinder at 
M = 1.2, R| = 4.9 X 1 q 6, L = 7.5D, D = 2.6 in. 
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Fig. 5. Oil-flow pattern on slender, rectangular wing at a 


□ o 
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(a) Oil flow on Clark Y airfoil: c = 3.5 in., s = 12.25 in., = 2.5 x 10^. 




(b) Conjectured pattern of skin-friction lines. 


Fig. 7. Rectangular wing, aspect ratio 3.5, at a = 20° in low-speed flow (Ref. 13). 
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(a) OIL FLOW; MEAN CHORD c = 10.1 in. AT 37.5% 


N, = NODE OF ATTACHMENT 


N = SPIRAL NODE OF SEPARATION 


(b) CONCEPTUAL SKIN-FRICTION LINE PATTERN 


Fig. 8. Early transport swept-wing design close to buffet onset conditions 

= 0.82, R. = 2.5 X 10®. 
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ATTACHMENT NODE 
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FOCUS 


SKIN-FRICTION 

LINES 


ROLL-UP OF DIVIDING 
SURFACE 


POSTULATED PATTERNS OF LEGENDRE 1965 


IN WATER TUNNEL (WERLE 1974) 


Fig. 13. Laminar flow on slender delta wing at high angle of attack (Legendre, Ref. 17) 


LIGHTHILL 1963 


FOCUS, N 


Fig. 11. Vapor-screen photographs of flow behind 
cambered delta wing at = 1.88 (Maltby, Ref. 15). 


LEGENDRE 1972 


Fig. 12. Postulated patterns of skin-friction 
lines at rounded apex of delta wing. 
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NOTE: TOPOLOGY LAW IS Zjyj - (Sg + = -1 FOR 

STREAMLINES IN A 2-D PLANE CUTTING A 3-D BODY 
HERE, FOR LH. AND R.H. SIDES, S[yj = 2X5=10 | 

2s*(2X2)-H = 5 
S5»=(2X7) + 2=16j 



(d) Conjectured external streamlines in plane 
close to wing trailing edge (starboard 
side only) . 

Fig. 14. Concluded. 



TOPOLOGY LAW FOR CONICAL FLOW PROJECTION IS: 
Sjyj - (Sg + %SgO == 0 . HERE, 2(yj = 5, 2g = 1, Zg' == 8; .‘.2 = 0 

Fig. 15. Flat projection of three-dimensional 
stream surfaces intersecting sphere centered on 
cone vertex with both primary and secondary 
separation. There are five nodes and spiral 
nodes one saddle, and eight half-saddles. 


OBSTACLE BLOCKS SITUATED ADJACENT TO 
STATIC PRESSURE ORIFICES 



COMBINED PITOT STATIC/FLOW MICROPHONES AND KULITE 


niRCrXinM ODnctP POCCCI lOC TDAMcr>iir'Coe 
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(a) Flight results. 


(b) Wind-tunnel results. 


Fig. 17. Five-degree semiapex angle cone flight and wind-tunnel results for Mach 1.8. 
Circumferential mean pressure distributions at one axial station, x = 30 in., a = 11°. 



Fig. 18. Five-degree semiapex angle cone flight results at Mach 1.5. 
Circumferential mean pressure distributions at several axial stations 
X = 30 to 35 in. , a = 11 °. 
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OBSTACLE 

OBSTACLE BLOCK BLOCK 



OBSTACLE BLOCK 
POSITIONED AT 
STATION 


OBSTACLE BLOCK 


30 



{a ) FI ight resul ts 


(b) Wind-tunnel results 


Fig 19. Five-degree semiapex angle cone flight and wind-tunnel 
skin-friction results at Mach 1.8, x = 30 in., a = 11°. 


— PITOT CONTOURS, Pp/pjoT^ 

— DIVIDING STREAMLINE 

— LOCUS OF ZERO VELOCITIES IN BOUNDARY 
LAYER PROFILES IN CONICAL-FLOW 
PROJECTION 

PRIMARY SEPARATION LINE 
0S2 SECONDARY SEPARATION LINE 


. 4 - 



Fig. 20. Computed contours of constant pitot 
pressure on leeward of 5° semiapex angle cone, 
= 1 .8, a = 11°, Rx = 9.8 x lo6. 


FLOW 

I 



COMPUTED SEPARATION LINE 

COMPUTED ATTACHMENT LINE 


Fig. 21. Unwrapped pattern of experimental 
skin-friction lines on 5° semiapex angle 
cone, compared with computed limiting 
streamline directions at Mach 1.8, a =12.5°. 
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0", WINDWARD 

— 151% 

180% LEEWARD 



iq. 22. Wind-tunnel measurements on 5° semi- 
pex angle cone of root-mean-square microphone 
utput at one axial station, x = 34 in., a =11°, 
= 1 .5, RN = 2.9 X 106/ft. 



Fig. 23. Mach 1.5 wind-tunnel results of selected 
spectra from microphone at x = 34 in. in surface 
of 5° semiapex angle cone. RN = 2.9 x lO^/ft., 
a = 11°. 



CIRCUMFERENTIAL ANGLE. deg 

Fig; 24, Mach 1.5 wind-tunnel results of root-mean-square pressure 
fluctuation at x = 34 in. along surface of 5° semiapex angle cone, 
normalized by local wall shear-stress, a = 11°, RN = 2.9 x 10®/ft. 



(a) a ~ 25°, symmetric. 



STARBOARD 


PORT 


STARBOARD 


(b) a ~ 48°, asymmetric anr^ relatively steady. 


PORT 



(c) a ~ 60°, asymmetric and unsteady. 


Fig. 25. Lee vortex wake about 18° semiapex angle tangent-ogive- 
cylinder at angle of attack in water tunnel (Fiechter, Ref. 32). 





VORTICES 


SCHLIEREN 


PHOTOGRAPHY 


BOW SHOCK 


Symmetric cross flow, water tunnel 
Me„ ~ 0, a = 20° (Werle 1 974). 


(b) Laser vapor screen, oil flow and Schlieren 
flow visualization, Moo = 2, a = 26° (O'Hare and 
Jones, 1973). 

Views of the symmetric vortex wake in the crossflow plane about tangent- 
ogive cylinders at angle of attack. 
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(a) Cross flow velocities (b) Isobars of total pressure loss 

- Pt)/q„ = const 



(c) Cross flow velocities at the plane X/D = 13; angle of 
attack a = -15°; with delta wing 

Fig. 28. Body vortices about 1S° semiapex angle tangent-ogive 
cylinder in low-speed turbulent flow at a =-15° 
(Grosche, Ref. 35). 
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(a) Side elevation, ~ 32 x 10^ (R^ = 4 x 10^) 
length, L = 40 cm (15.75 in.); D=5.0 cm (1.97 in.) 


Fig. 30. Surface oil-flow patterns and circumferential pressures on 20° semiapex 
angle pointed cone-cylinder at a = 12°, = 2.3, with turbulent boundary 

layers (Boersen, Ref. 36). 
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Fig. 31. Overall lift of two bodies of revolution 
(see Kiicheniann, Ref. 41). 


OPEN SYMBOLS ARE CALCULATIONS 
ACCORDING TO 5hMAN 1964 

CLOSED SYMBOLS ARE EXPERIMENT 
OF PEAKE et al., 1972 
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17 
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Fig. 33. Low angl e-of-attack performance of long, 
pointed slender bodies in terms of normal force 
slope versus semi-nose angle at = 0.5, 2.0, 
and 3.5, at Rq = 1 x 10^ to 4 x 10^ 

( Peake et al . , Ref. 42) . 


Fig. 32. Details of long, pointed slender bodies 
tested at NAE, Canada (Peake et al . , Ref. 42). 
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Fig. 34. Linear and nonlinear lift on long, pointed 
slender bodies at Rn = 1 x 10^ to 4 x lO^ 

(Peake et aV., Ref. 42). 
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FULLY 

LAMINAR TURBULENT 

SEPARATION TRANSITION REGION SEPARATION 



Fig. 35. Effect of Reynolds number on maximum 
side force at a = 55° on ogive/cylinder (2D/ 
13P in length), M^=0.3 (Lament, Ref. 48). 



Fig. 36. Typical asymmetric pressure distri- 
butions for laminar and turbulent flow at 
a = 55° on ogive/cylinder (2D/13D in 
length, = 0.3 {Lament, Ref. 48). 


a = 55°. x/D = 6 



Fig. 37. Asymmetric pressure distributions in transitional flow 
at a = 55° on ogive/cylinder (2D/13D in length), 

= 0.3 (Lament, Ref. 48). 
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Fig. 38. Asymmetric oil-flow pattern on unwrapped surface, and Schlieren 
photograph of a 7.5° semiapex angle cone at Moo = 2.94, turbulent, 

R| = 7 X 10^ (Bannink and Nebbeling, Ref. 51). 


OIL FLOW 


a = 34°; a = 4.53; ASYMMETRY BEGAN AT S -- 3.7 








PRIMARY SEPARATION ANGLE 0, 



DISTANCE UPSTREAM OF BASE IN BODY DIAMETERS 


Fig. 40. Asymmetric primary separation on cone and ogive- 
cylinders, a = 18°, = 0.6, R|_^ = 3.5 X 10^ 

(Rainbird et al , , Ref. 50). 



Fig. 41. Influence of semiapex angle of nose, 0^, on side-force/ 
normal-force polar for afterbody length of 12D at Rq = 1 x lo^ 
to 4 X 1 q 6 (Peake et al . , Ref. 42). 


CRITICAL ANGLE FOR FLOW ASYMMETRY 
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Fig. 42. Critical angle of attack for onset of flow asymmetry (Peake et al . , Ref. 42), 





FINENESS RATIO 
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VORTICES 



PEAKE etal., 1972 
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. 43. Boundaries for various types of leeward flow separation about tangent-ogive/ 
cylinders at Moo = 0.6 (Keener et al . , Ref. 56; Tinling and Allen, Ref. 62; 

Thomson and Morrison, Ref. 63). 





TRIANGULAR CONE 
(SHARP AND BLUNT) 


ALL DIMENSIONS IN METERS 


Fig. 44. Blunt and sharp-nose triangular cone models. 
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DISTANCE BETWEEN HALF-CONE 
AND SHOCK WAVE, 

R — Rl, tan 0 - tan Ou 


Fig. 48. Calculated pressure field between shock 
wave and Fourier half-cone at = 1.6 
(Peake, et al . , Ref. 69) . 


OIL PATTERN 


Fig. 47. Oil-flow pattern due to swept-shock' 
induced 3-D separation about half cone intake 
Mco = 1 .6 (Culley, Refs. 67, 68). 


SHOCK 





Fig. 49. Side view of 3-D separation of fuselage boundary layer induced by boundary-1 ayer splitter 
plate quarter-cone inlet; model angle of attack = 4.5°, M =1.6 (Gulley, Refs. 68, 70). 


UPPERMOST NACELLES OPERATING AT 
DESIGN MASS FLOW 


LOWER NACELLES THROTTLED TO 70% OF 
DESIGN MASS FLOW 


0.08 


(a) Nacelles on. 

Fig. 50. Oil-dot flow visualization on lower surface of 70° delta wing showing swept-back turbulent 
boundary-layer interactions associated with propulsion nacelles (Peake and Rainbird. Ref. 73). 
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0 2 4 6 8 10 12 14 16 18 20 22 

ANGLE OF ATTACK.a deg 


Fig. 51. "Favorable interference" effect on lift of 70° delta wing 
at M = 2.75, R|_ = 24 x 10^ (Peake and Rainbird (Ref. 73). 



Fig. 52. Lift-drag polars: 70° delta wing with four nacelles supported on 

pylons at design Mach number, = 2.75 (Peake and Rainbird, Ref. 73). 
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